CHARGE syndrome (CS) is a rare congenital syndrome characterized by coloboma, heart anomaly, choanal atresia, retardation of growth and development, and genital and ear anomalies. While several neuroimaging studies have revealed abnormalities such as hypoplasia of the semicircular canal, olfactory nerve, cerebellum, and brainstem, no quantitative analysis of brain morphology in CS has been reported. We quantitatively investigated brain morphology in CS participants using structural magnetic resonance imaging (MRI) (N=10, mean age 14.7 years old) and high-angular resolution diffusion MRI (HARDI) tractography (N=8, mean age 19.4 years old) comparing with gender-and age-matched controls. Voxel-based analyses revealed decreased volume of the bilateral globus pallidus (left and right; p = 0.021 and 0.029), bilateral putamen (p = 0.016 and 0.011), left subthalamic nucleus (p = 0.012), bilateral cerebellum (p = 1.5 x 10 -6 and 1.2 x 10 -6 ), and brainstem (p = 0.031), and the enlargement of the lateral ventricles (p = 0.011 and 0.0031) bilaterally in CS. Surface-based analysis revealed asymmetrically increased cortical thickness in the right hemisphere (p = 0.013). The group-wise differences observed in global cortical volume, gyrification index, and left cortical thickness were not statistically significant. HARDI tractography revealed reduced volume, elongation, and higher ADC values in multiple fiber tracts in patients in CS compared to the controls, but FA values were not statistically significantly different between the two groups. Facial features are known to be asymmetric in CS, which has been recognized as an important symptom in CS. Our results revealed that the cortex in CS has an asymmetric appearance similar to the facial features. In addition, the signal pattern of high ADC with statistically unchanged FA values of tractography pathways indicated the presence of other pathogenesis than vasogenic edema or myelination dysfunction in developmental delay in CS.
A C C E P T E D M A N U S C R I P T ADC apparent diffusion coefficient 1. Introduction CHARGE syndrome (CS; OMIM #214800) is a rare congenital syndrome affecting 0.8 per 10,000 living births (Källén K, 1999) , caused by heterozygous mutation of the chromodomain helicase DNA-binding protein 7 (CHD7) in 58-90% of patients with CS (Lalani SR, 2006; Janssen N, 2012) and the semaphorin-3E (SEMA3E) in a few CS cases (Lalani SR 2004) . CS was named by the abbreviation of associational manifestations (coloboma, heart anomaly, choanal atresia, retarded growth/development, and genital and ear anomalies) (Pagon RA, 1981) . CS also presents a high association rate of intelligence dysfunction, cranial nerve palsy, and central hypogonadism (Lalani SR, 2018; Xu C, 2018; Blale KD, 1998) . Prior studies showed CHD7 is involved in neurological development such as neural crest guidance and axonal morphology (Bajpai R, 2010; Melicharek DJ, 2010; Schulz Y, 2014) . These findings have encouraged neuroimaging research in CS.
Prior neuroimaging studies have revealed that CS patients exhibit intracranial anomalies such as semicircular canal hypoplasia (Hoch H, 2017) , olfactory nerve and other cranial nerve hypoplasia or aplasia (Lin AE, 1990; Hoch H, 2017) , cerebellar hypoplasia (Hoch H, 2017; Yu T, 2013; Sohn YB, 2016) , brainstem hypoplasia (Hoch H, 2017) , frontal lobe hypoplasia (Gregory LC, 2013) , ventriculomegaly (Hoch H, 2017) , and basal skull hypoplasia (Fujita K, 2009; Hoch H, 2017) . In contrast to these qualitative studies, to the best of our knowledge, quantitative studies of brain morphology in CS are lacking in the scientific literature. In this study, we report for the first time, the quantitatively assessed surfaceand voxel-based measurements derived from brain structural MRI and high-angular resolution diffusion MRI (HARDI) tractography in CS.
Materials and Methods

Participants
The Institutional Review Board at Boston Children Hospital approved this retrospective study. We reviewed the electronic medical records of patients treated at BCH from January 1st, 2008 to February 24th, 2016 to assemble our listing of patients with CS. The gender-and age-matched normal controls (NC) were selected from our in-house database A C C E P T E D M A N U S C R I P T of healthy participants without neurological disorders, neuropsychological disorders or epilepsy (Levman J, 2017) . Both datasets were comprised of examinations acquired at BCH on the same suite of MRI scanners.
Structural MRI acquisition and processing
All participants were imaged with clinical 3T MRI scanners (MAGNETOM Skyra, Siemens Medical Systems, Erlangen, Germany) at BCH. DICOM files of 3D T1-weighted MPRAGE (TR 2000-2500 ms; TE 1.7-2.5 ms, voxel size 0.85-1x0.85-1x1 mm, matrix 256 x 256) were collected through the Children's Research and Integration System (Pienaar R, 2015) , and analyzed with CIVET version 2.1.0 pipeline (Zijdenbos AP, 2002) on the CBRAIN platform (Sherif T, 2014) . Corrections for non-uniform intensity artifacts by the N3 algorithm (Sled JG, 1998) , stereotaxic registration (onto the icbm152 non-linear 2009 template) (Fonov VS, 2009) , and brain masking (Smith SM, 2002) were performed. A voxel-based volumetric analysis was performed with tissue classification using an artificial neural network classifier (INSECT) (Tohka J, 2004) , and segmentation of brain regions was performed with ANIMAL (Collins DL, 1999) . For a surface-based analysis, the surfaces of the gray matter (GM) and white matter (WM) were extracted by using 40,962 vertices per hemisphere with the t-laplace metric (Kim JS, 2005; Boucher M, 2009 ). The quality of the outputs of the CIVET pipeline (shapes of the brain mask, linear/non-linear registration to the template, tissue classification, and brain segmentation) were manually inspected for quality. Cortical surface parameters including the gyrification index (GI), average cortex thickness, cortical surface area, and cortical volumes were calculated in each hemisphere.
This resulted in 10 volumetric structural brain MR images from 8 CS patients (Case 1-8), after excluding cases with genetic variants of unknown significance, or without volumetric brain MRI. Age at MRI scans were not statistically significantly different (T(28) = 0.23, P = 0.82) between CS (male n = 9; female, n = 1) and NC (male n = 18; female n = 
HARDI tractography
Thirty diffusion-weighted measurements (b = 1000 s/mm 2 ) and one to five non-diffusion weighted measurements (b = 0 s/mm 2 ) were acquired with clinical 3T MRI scanners (e.g. TR =10 sec; TE = 88 msec; matrix size 128 x 128; flip angle 90 degrees). Images with motion artifacts were excluded based on visual assessment (motion correction software was not used 
Statistical analysis
Each brain structure and fiber pathway measurements in CS and NC participants were evaluated through Levene's test for equality of variances, two-tailed unpaired t-tests for multiple comparisons, and Cohen's d. The Cohen's d = 0.8 was recognized as the cut-off value for large size effects (Cohen J, 1992) .
According to the false discovery rate correction for multiple comparisons by the Benjamini-Hochberg procedure (Benjamini Y, 2001; Reiner A, 2003) , Benjamini-Hochberg critical values (α = 0.05, q = 0.15) were determined as 0.034 and 0.057 for 49 and 52 repeating t-tests for structural MRI and diffusion-weighted MRI tractography, respectively. IBM SPSS Statistics version 19 (IBM Corp. Armonk, NY) was used for the statistical analysis and graph visualization, respectively. We used SurfStat toolbox (http://www.math.mcgill.ca/keith/surfstat/) that runs on MATLAB R2016a
(MathWorks, Natick, MA) for the cortical thickness analysis and visualization. Cortical thicknesses were visualized as t-statistic maps ( Fig. 1A) and random field theory (RFT) maps. A cluster-level correction was used for the RFT maps, with a significance level of p ≤ 0.02 ( Fig. 1B) .
Results
Patient characteristics
The enrolled CS participants have matched the clinical diagnostic criteria for CS (Blale KD, 1998) . Coloboma (7/10), choanal atresia (6/10), cranial nerve dysfunction (9/10), and characteristic ear abnormalities (8/10) were observed as major diagnostic criteria ( Table 1) . Genital hypoplasia (6/10), developmental delay (10/10), cardiovascular malformation (8/10), growth deficiency (9/10), orofacial cleft (4/10), tracheoesophageal fistula (2/10), and characteristic face (10/10) were observed as minor diagnosis criteria ( Table 1) .
MRI qualitative findings
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Absence of the olfactory nerve (Case 2,3,7-10, Fig. 1A) , hypoplasia of semicircular canal (Case 2, 7-10), hypoplasia of clivus (Case 1, Fig 1B) , hypoplasia of cerebellar vermis (Case 1), agenesis of the corpus callosum (Case 4, Fig. 1C ), mega cisterna magna (Case 4), and Dandy-Walker variants (Case 10) were observed in the CS participants.
Global cortical surface area, gyrification, volume, and cortical thickness
Global brain volumes in each tissue (CSF, cortical GM, WM, and subcortical GM) showed a statistically significant difference between CS and NC participants. Surface-based analysis showed significantly thicker right cortical thickness with a large effect size in CS (T (28) = 2.65, p = 0.013, absolute Cohen's d = 1.03) ( Table 2) . The difference in the global surface area, gyrification index, cortical volume, and left cortical thickness were not statistically significantly different between the two groups ( Table 2) .
Regional brain volumes and cortical thickness
The regional volumetric analysis demonstrated significantly smaller volumes in the bilateral globus pallidus, bilateral putamen, left subthalamic nuclei, brain stem, bilateral cerebellar hemispheres, and larger volumes in the lateral ventricles, bilaterally ( Table 3 ). The differences in cortical regional volumes between CS and NC were not significantly different.
The cortical thickness map superimposed on a 3-dimensional template brain surface was provided in Fig. 1 . The t-statistic for the differences between CS and NC groups showed increased thickness in the orbitofrontal, rostral middle frontal, postcentral, superior parietal, superior frontal, paracentral, precuneus, and entorhinal cortex in the right hemisphere, and in the orbitofrontal cortex in the left hemisphere ( Fig. 1A) . Differences observed in the thicker cortex in CS were statistically significant at the cluster level using the RFT (Fig. 1B) . No thinner cortical regions were observed in CS relative to NC in terms of the t-statistic or RFT maps.
HARDI tractography
The trajectories of the bilateral Probst bundles were observed in Case 4 ( Fig. 1D) . Due to the agenesis of the corpus callosum in Case 4, the measurements of the CP were compared between six gender-and age-matched examinations from each group. 
Discussion
A C C E P T E D M A N U S C R I P T
We report quantitative analyses of voxel-and surface-based brain morphology and HARDI tractography in CS participants. In brain volume measurements, as expected from prior studies (Hoch MJ, 2017; Yu T, 2013) , decreased volumes of basal ganglia, cerebellum, and brain stem, and increased volumes of lateral ventricles were observed. While the CS and NS showed no statistically significant difference in the global cortical surface area and volume, the right cortex in CS participants was globally and regionally thicker compared to NC participants. HARDI tractography showed elongated hypovolemic fibers, and high ADC values without changing FA values with right hemisphere dominance.
Cortical Development Impairment in CS
CHD7 is a responsive gene for CS. CHD7 plays a role in regulating neural crest gene expressions which is evolutionarily conserved in the fly (Melicharek DJ, 2010) , frog (Bajpai R, 2010) , mouse (Schulz Y, 2014) , and human (Bajpai R, 2010) . In the development of the central nervous system, heterozygous loss of CHD7 homologs affects gene expressions linked with axonal morphology such as axonal pruning, guidance, extension (Schulz Y, 2014; Melicharek DJ, 2010) , and myelination (He D, 2016) .
In our study, right cortical thickness was increased in the global mean (Table 2) and regional map (Fig. 1) . Although the cortical thickness in typical development is different by lobes, a longitudinal study reported that the cortical thickness showed uniform decreases from 2.3-3.3 to 1.9-2.9 mm, with increasing age from toddlers to adults (Zielinski BA, 2014). Although it was not clear whether our CS patients had mutated CHD7, because the diagnosis of CS was based on clinical criteria, the affected neuronal pruning due to the CHD7 mutation may contribute to the regionally increased cortical thickness. The regional cortical thickness in CS showed an obvious laterality. The facial asymmetry is a common finding in CS patients (Lalani SR, 2006) , and model mice (Ogier JM, 2014) , and our findings also suggest that brain morphology in CS is also asymmetric. Although asymmetry of regional brain measures is often observed even in normal participants and is different by age, regions, and gender, a large meta-analysis study reported that hemispheric cortical thickness is thicker in the left hemisphere in a healthy population (Kong XZ, 2018) . Although the mechanism of generating asymmetric features still remains unclear, it may be possible that increased cortical thickness in right hemisphere in CS is distinct from brain asymmetry in a healthy population.
HARDI-derived fibers in CS
HARDI tractography in CS showed volume loss and elongation in multiple fibers. Nakata and colleagues reported that the CF in patients with agenesis of the corpus callosum showed short length, hypovolemia, and low FA (Nakata Y, 2009 ). Therefore, we speculate that observed elongated fibers were caused by CS rather than the agenesis of corpus callosum.
In patients with agenesis of the corpus callosum, association fibers from the cortical plate, which do not pass through the callosal precursor, grow caudally along the medial surface of the ipsilateral cerebral hemisphere and form Probst bundles. Probst bundles visualized by DTI tractography (Kasprian G, 2013; Tovar-Moll F, 2007; Lee SK, 2004) generally run anteroposteriorly, but they often fan out into the ipsilateral frontal lobe (Kasprian G 2013) , make an
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abrupt ending (Kasprian G, 2013) , and/or make a U-turn ipsilaterally (Lee SK, 2004) . Therefore, although the Probst bundles in Case 4 exhibited atypical appearances with crossings with dorsoanterior to ventroposterior pathways and vetroanterior to dorsoposterior pathways, we determined that this appearance of Probst bundles was likely independent of CS.
The ADC value represents the degree/magnitude of water diffusivity in the tissue. An increase of ADC values was observed in several pathogenic situations such as vasogenic edema (Pasternak O, 2009 ), glial scarring, and myelin loss (Sagar P, 2006) , and during brain development (Löbel U, 2009 ). In typical development, ADC values drop sharply during infant/toddler years, and exhibit a constant mild decrease with age into adult years (Löbel U, 2009 ). The time-course suggests that other unknown mechanisms such as axonal pruning as well as myelination may contribute to decreased ADC (Löbel U, 2009 ). The FA value represents the degree of directionality of microstructures such as axons, myelin, and microtubules in the tissue. FA values decrease in vasogenic edema (Pasternak O, 2009 ) and myelination failure (Roosendaal SD, 2009 ). In our study, CS participants showed increased ADC in the bilateral AF, UF, CF, right ILF, and right IFOF, but FA values were not different to those from NC participants except for low FA values in the right ILF in CS. These data suggest that the mechanism by which ADC values increase in CS is not likely due to vasogenic edema or myelination failure. There is a strong negative correlation between the ADC value and the cellularity of brain tumors (Chen et al., 2013) . The mechanism of how measures of cortico-cortical fibers in CS are affected remained unclear; however, increased ADC values of cortico-cortical pathways in CS in this study may be associated with a low fiber density of cortico-cortical pathways.
Limitation
The possible presence of selection bias (health care access bias) could not be excluded completely, because our study is a retrospective study on a single facility with a relatively small sample size. However, a prior review reported the incident rate of developmental delay, cardiovascular malformation, growth delay, and tracheoesophageal fistula in CS was noted as about 100, 75-85, 70-80, and 15%, respectively (Lalani SR, 2018) . The proportion of clinical manifestations in our study meets the previous data, suggesting that our cohort may be representative of patients with CS as a whole and that our findings might generalize to other CS patients.
Additionally, our medical records did not include the information regarding the severity and laterality of facial structures and other congenital anomalies, the severity of developmental delay, and handedness. Future studies are necessary to test associations between these factors and abnormal cortical thickness of the right hemisphere in patients with CS.
Conclusion
Our brain morphologic study revealed asymmetrically increased cortical thickness, and decreased volumes of the basal ganglia, cerebellum, and brainstem in CS participants. HARDI tractography revealed hypovolemia, elongation, higher ADC, and unchanged FA in multiple fibers in CS. Our findings revealed that the cortex in CS has an asymmetric appearance as observed in facial features, which has been recognized as important symptoms in CS. In addition, the Definite CHARGE: 4 major or 3 major and 3 minor criteria, Probable/possible CHARGE: 1 or 2 major and several minor criteria (Blake KD, 1998) (Lalani SR, 2018) A C C E P T E D M A N U S C R I P T 
